Research Highlights: Natural regeneration is important in pine-oak mixed forests (Pinus armandii Franch., Pinus tabuliformis Carr., and Quercus aliena Bl. var. acuteserrata Maxim.ex Wenz.), but allelopathy as a limiting factor has not been studied. Our research provides insights into allelopathy in pine-oak mixed forest litter. Background and Objectives: Allelopathy among tree species occupying the same ecological niche in mixed forests may adversely affect regeneration. We studied allelopathy in pine and oak forest litter to determine the effect on regeneration, whether it is offset by adding activated carbon or plant ash, and what allelopathic substances are present. Materials and Methods: We used laboratory seed culture and field seeding to determine pine and oak litter regeneration effects on P. tabuliformis and P. armandii in the Qinling Mountains, China. In the laboratory, we irrigated seeds with three different litter concentrations. A fourth treatment incorporated activated carbon. The field study established small quadrats in mixed forest to study how removing or retaining litter and spreading plant ash affected sown seeds. High performance liquid chromatography-mass spectrometry was used to compare differences in chemical substances in extracts with and without activated carbon. Results: Litter extracts significantly affected germination rates in both species. Seedling morphological and physiological indexes showed that litter extracts negatively affected growth in both species, but activated carbon alleviated this inhibitory effect on P. armandii. Forest stand and litter did not affect P. armandii seed germination. Pinus tabuliformis germination rates were significantly higher in plots with removed litter than when litter was retained or plant ash spread, and lower in oak than pine forest. Allelopathic substances detected in pine forest were trioctyl trimellitate, amyloid β-Peptide 10-20, and triisobutyl phosphate, potentially affecting P. armandii seed germination and growth. Conclusions: Appropriate removal of litter in mixed forests can improve the natural regeneration ability of P. tabuliformis.
Introduction
Natural regeneration of tree species in forests is an important and complex ecological process [1] . It is not only the process by which forest ecosystems self-restore, but also forms the basis for maintaining their stability and sustainable utilization [2, 3] . The continuum, development, or succession in time and space of woody plant populations have a profound influence on future community composition, succession pattern, promotion of forest resources, and biodiversity conservation in forests [4] . Natural regeneration in pine-oak mixed forests has therefore been the focus of global research into community succession and forest ecosystems research [5] [6] [7] [8] .
In China, the Qinling Mountain forest ecosystem is a natural secondary forest formed since the end of a period of intensive logging in the 1960s and 1970s [9] . About 40% of this area is occupied
Preparation of Water Extracts
The collected dead leaves were screened and divided into two parts: the first part was soaked in deionized water for 24 h with water (1:10), and activated carbon (1% of the litter mass) was added to the second before soaking. Using a qualitative filter paper for the first filtration, and filter paper comprising 0.45 µm microporous membrane after the suction filter, the soaked solutions were poured into a brown glass bottle and sterilized at a low temperature of 2 • C in the refrigerator. At the beginning of the experiment, the mother liquor without added activated carbon was diluted with distilled water to different concentration gradients (0.02 g mL −1 , 0.05 g mL −1 , and 0.1 g mL −1 ). The extraction solution with activated carbon was not diluted, and was irrigated directly. We then repeated this same method for the soil collected from the forest.
Cultivation and Germination of Seeds
The sand culture method was used for seed germination. A germination bed was constructed of filter paper and Petri dishes sterilized at 170 • C: two layers of filter paper were placed in a prepared Petri dish, an amount of water appropriate to wet the filter paper was added, and then fine sand was sieved and placed in each dish to a depth of 1-2 cm, after which 30 treated seeds were added.
The two seed types (P. armandii and P. tabuliformis) were irrigated with four types of extracts: soil extract from oak forest, litter extract from oak forest, soil extract from pine forest, and litter extract from pine forest. Seeds watered with the same extract type were further subdivided into four groups to which different extract concentrations were applied: 0.02 g·mL −1 (T1), 0.05 g·mL −1 (T2), 0.1 g·mL −1 (T3), and 0.1 g·mL −1 + activated carbon (T4). Each treatment was repeated three times.
The experiments were placed in an artificial climate chamber with a humidity of 70% (25 • C, 12 h light/18 • C, 12 h dark). The number of germinated seeds was counted each day until a stable level was reached. After completion of the germination experiment, root length, seedling height, and malondialdehyde (MDA) content of seedlings were determined.
Field Seeding
Twelve sample plots (1 m × 1 m) were selected from each of the pine and oak forest areas for the seeding experiment, ensuring that groups of three samples were located in the same 20 m × 20 m large sample, and with similar conditions of light and other environmental factors. In each of these groups, one sample plot was treated by removing litter, litter was retained on a second plot, and plant litter ash (produced by burning) was added to the third (Figure 1 ). Each treatment was repeated four times and there are eight large squares (20 m × 20 m). Pinus armandii and P. tabuliformis seeds were sown on the left and right side of each sample square, respectively. All seeds were covered with barbed wire to protect them from rodents. 
Identification of Water Extracts
Dry extract was obtained by low-temperature distillation of the litter and soil water extract samples filtered through a 0.45 µm microporous membrane; 0.1 g of concentrated water extract was then dissolved in 100 mL methanol, an ultrasound was conducted for 30 min, and the supernatant was taken as a reserve. A Kromasil C18 chromatographic column was used, and the detection wavelength was 254 nm. The mobile phase was methanol-water containing 0.02 mol L −1 tetraethyl iodide (20:80 V/V). The mass spectrometry condition was electrospray ionization, and the positive ion was detected by the full-scanning method, with a mass range of 60-1000 amu. In the bioassay experiments, if the addition of activated carbon significantly alleviated the inhibitory effect of the extract, we believed that the allelochemicals were adsorbed by activated carbon. By comparing the specific types of chemical substances in the water extracts with and without activated carbon, the allelopathic substances that exert allelopathy in pine forest litter can be determined.
Statistical Analysis
All data analyses were performed using SPSS 23.0 (SPSS Inc., Chicago, IL, USA), the difference between treatment groups was compared using a least significant difference (LSD) test, and the significance level was α = 0.05. The effect of different concentrations on seed germination and seedling growth of recipient plants was determined using a one-way analysis of variance (ANOVA). All the charts were completed using Origin 9.1 (OriginLab Corporation, Northampton, MA, USA).
Results

Effects of Different Treatments on P. tabuliformis and P. armandii Seeds
Germination Rates
Our findings revealed no significant differences among the soil extracts of pine and oak forests for the seed germination rate of the two seed types, which may be related to the lower concentration of allelochemicals in the soil. In contrast, when P. tabuliformis and P. armandii seeds were irrigated with pine and oak forest litter extracts, seed germination was inhibited at the highest concentration ( Table 1 ). The addition of activated carbon only played a role in slowing the inhibition rate when P. 
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Effects of Different Treatments on P. tabuliformis and P. armandii Seeds
Germination Rates
Our findings revealed no significant differences among the soil extracts of pine and oak forests for the seed germination rate of the two seed types, which may be related to the lower concentration of allelochemicals in the soil. In contrast, when P. tabuliformis and P. armandii seeds were irrigated with pine and oak forest litter extracts, seed germination was inhibited at the highest concentration ( Table 1 ). The addition of activated carbon only played a role in slowing the inhibition rate when P. armandii seeds were irrigated with pine soil and litter extracts; this showed that the activated carbon adsorbed allelopathic substances from the water extract. However, we also observed that the inhibitory effect was significantly enhanced after the addition of activated carbon (when the soil extract of oak was used to water P. tabuliformis seeds), which may be related to the decrease in organic nutrients in the soil water extract. 
Root Length
When the soil extract from the oak forest was used to water the seeds of P. tabuliformis, the root length did not change significantly, but the addition of activated carbon significantly inhibited root elongation (Figure 2a ), which was consistent with the effects on seed germination. The root length was significantly inhibited when P. tabuliformis seeds were watered with different concentrations of litter water extract from the oak forest (Figure 2a ), which may be related to the higher concentration of allelochemicals in the litter. Similar to P. tabuliformis, P. armandii had no significant change in the root length when treated with soil extracts of three concentrations from oak and pine forests. When the litter extracts of pine and oak forests were applied at a high concentration, it inhibited root elongation (T3) ( Figure 2b ). We observed that the allelopathic effect has certain concentration dependence. Activated carbon significantly reduced the inhibitory effect only when P. armandii seeds were irrigated with the soil and litter water extracts of pine forest (Figure 2b ), which showed that the activated carbon adsorbed allelopathic substances from the water extract. armandii seeds were irrigated with pine soil and litter extracts; this showed that the activated carbon adsorbed allelopathic substances from the water extract. However, we also observed that the inhibitory effect was significantly enhanced after the addition of activated carbon (when the soil extract of oak was used to water P. tabuliformis seeds), which may be related to the decrease in organic nutrients in the soil water extract. 
When the soil extract from the oak forest was used to water the seeds of P. tabuliformis, the root length did not change significantly, but the addition of activated carbon significantly inhibited root elongation (Figure 2a ), which was consistent with the effects on seed germination. The root length was significantly inhibited when P. tabuliformis seeds were watered with different concentrations of litter water extract from the oak forest (Figure 2a ), which may be related to the higher concentration of allelochemicals in the litter. Similar to P. tabuliformis, P. armandii had no significant change in the root length when treated with soil extracts of three concentrations from oak and pine forests. When the litter extracts of pine and oak forests were applied at a high concentration, it inhibited root elongation (T3) (Figure 2b ). We observed that the allelopathic effect has certain concentration dependence. Activated carbon significantly reduced the inhibitory effect only when P. armandii seeds were irrigated with the soil and litter water extracts of pine forest (Figure 2b ), which showed that the activated carbon adsorbed allelopathic substances from the water extract. 
Seedling Height
When treated with oak forest litter extract, the seedling height of P. tabuliformis was consistent with the germination rate and root length, and was significantly inhibited. However, the addition of activated carbon alleviated the inhibition of seedling growth to some extent (Figure 3a) , indicating that the sensitivity of seedling height was not as high as that of the germination rate and root length. There were no significant differences among the soil extract of pine and oak forests for the seedling height of P. tabuliformis, and the same effect was observed when P. armandii seeds were irrigated with these two extracts (Figure 3a,b ).When the oak forest litter extract was used to treat P. armandii seeds, the seedling height did not show a significant inhibitory effect under high concentration of water extract, similar to the germination rate and root length (Figure 3b ). Furthermore, the addition of activated carbon not only alleviated the inhibition of seedling height in P. armandii treated with the pine forest litter extract, but also significantly improved the seedling height of P. armandii seeds treated with pine forest soil extract (Figure 3b ). This again proves that the effect of seedling height on allelopathic effects is not as sensitive as the germination rate and root length, and its own inhibition can be easily relieved. When treated with oak forest litter extract, the seedling height of P. tabuliformis was consistent with the germination rate and root length, and was significantly inhibited. However, the addition of activated carbon alleviated the inhibition of seedling growth to some extent (Figure 3a) , indicating that the sensitivity of seedling height was not as high as that of the germination rate and root length. There were no significant differences among the soil extract of pine and oak forests for the seedling height of P. tabuliformis, and the same effect was observed when P. armandii seeds were irrigated with these two extracts (Figure 3a,b) .When the oak forest litter extract was used to treat P. armandii seeds, the seedling height did not show a significant inhibitory effect under high concentration of water extract, similar to the germination rate and root length (Figure 3b ). Furthermore, the addition of activated carbon not only alleviated the inhibition of seedling height in P. armandii treated with the pine forest litter extract, but also significantly improved the seedling height of P. armandii seeds treated with pine forest soil extract (Figure 3b ). This again proves that the effect of seedling height on allelopathic effects is not as sensitive as the germination rate and root length, and its own inhibition can be easily relieved. 
Malondialdehyde Content
The MDA content reflects the degree of peroxidation of plant cell membranes; a high MDA content indicates high peroxidation and that injury is serious. The MDA content in P. tabuliformis seeds was not significantly different when treated with the three concentrations of oak forest soil extract. However, activated carbon significantly increased the MDA content in P. tabuliformis seedlings (Figure 4a ). This physiological index confirmed the germination rate and morphological index results. The addition of activated carbon reduced the content of MDA in P. tabuliformis seedlings watered by two kinds of extracts of pine forest to a certain extent (Figure 4a) , showing that it adsorbed some organic components, which inhibited growth. When pine forest litter extract was used to treat the seeds of P. armandii, the content of MDA increased significantly at a high concentration, but there was no significant change in the content of MDA when the seeds were treated with the other three types of extracts ( Figure 4b ). The addition of activated carbon significantly reduced the MDA content in the seed of P. armandii treated with litter extract of pine forest ( Figure  4b) , indicating that activated carbon adsorbed allelopathic substances affecting P. armandii. 
The MDA content reflects the degree of peroxidation of plant cell membranes; a high MDA content indicates high peroxidation and that injury is serious. The MDA content in P. tabuliformis seeds was not significantly different when treated with the three concentrations of oak forest soil extract. However, activated carbon significantly increased the MDA content in P. tabuliformis seedlings (Figure 4a ). This physiological index confirmed the germination rate and morphological index results. The addition of activated carbon reduced the content of MDA in P. tabuliformis seedlings watered by two kinds of extracts of pine forest to a certain extent (Figure 4a) , showing that it adsorbed some organic components, which inhibited growth. When pine forest litter extract was used to treat the seeds of P. armandii, the content of MDA increased significantly at a high concentration, but there was no significant change in the content of MDA when the seeds were treated with the other three types of extracts ( Figure 4b ). The addition of activated carbon significantly reduced the MDA content in the seed of P. armandii treated with litter extract of pine forest (Figure 4b) , indicating that activated carbon adsorbed allelopathic substances affecting P. armandii. 
Seed Germination in the Field Experiment
The germination rate of P. armandii seeds was not affected by litter, while the germination rate of P. tabuliformis seeds in the two stands after litter removal was significantly higher than that under the other two treatments, indicating that P. tabuliformis seeds with thin seed coats are more susceptible to the litter. However, the two stands had negligible effect on the germination rate of P. armandii seeds, but exerted a significant effect on P. tabuliformis seeds. Furthermore, the germination rate of P. tabuliformis seeds was considerably lower in the oak forest than in the pine forest, which may be related to the small size of P. tabuliformis seeds as they are more susceptible to physical obstruction of broadleaf litter (Table 2 ). 
Allelochemicals in Pine Forest Litter
In our bioassay experiment, the addition of pine forest litter extract with activated carbon reduced the negative effect on the seed germination rate and seedling growth in P. armandii and P. tabuliformis, indicating that activated carbon adsorbs allelochemicals in the litter. Therefore, by comparing the specific types of chemical substances in the water extracts with and without activated carbon, the allelopathic substances that exert allelopathic effects in pine forest litter can be determined. According to the results of HPLC-MS, the allelopathic substances in the pine litter of the mixed Pinus forests in the Qinling Mountains are trioctyl trimellitate, amyloid β-peptide 10-20, and triisobutyl phosphate ( Figure 5 ). 
Seed Germination in the Field Experiment
The germination rate of P. armandii seeds was not affected by litter, while the germination rate of P. tabuliformis seeds in the two stands after litter removal was significantly higher than that under the other two treatments, indicating that P. tabuliformis seeds with thin seed coats are more susceptible to the litter. However, the two stands had negligible effect on the germination rate of P. armandii seeds, but exerted a significant effect on P. tabuliformis seeds. Furthermore, the germination rate of P. tabuliformis seeds was considerably lower in the oak forest than in the pine forest, which may be related to the small size of P. tabuliformis seeds as they are more susceptible to physical obstruction of broadleaf litter ( Table 2 ). 
Allelochemicals in Pine Forest Litter
Discussion
Effect of Leaf Litter Water Extract on Seed Germination and Initial Growth
As a result of intraspecific or interspecific competition, plants secrete secondary capital products, which are distributed among the branches, leaves, stems, and litter, which enhances their competitiveness [31, 32] . Litter decomposition and transformation cause allelochemicals to be released either directly or by changing inactive into active substances, therefore affecting the growth of surrounding plants; this is a very common way to release allelopathic substances [33] . In the bioassays used in the experiment to determine allelopathy, the litter water extract from both pine and oak forests significantly inhibited germination and initial growth in both seed types at high concentrations, which may be related to secondary metabolites in the litter. Our results are in agreement with the reports from other studies, i.e. allelopathy frequently depends on allelochemical concentrations [34] . Studies have shown that allelochemicals inhibit the synthesis of indoleacetic acid and gibberellin, thus hindering germination in target plants [35] . Similarly, allelochemicals may affect plant photosynthesis, and further alter cell respiration and metabolism, thereby affecting plant growth [36] . These studies on allelopathic mechanisms support our experimental results.
Activated carbon can inactivate organic molecules due to its strong adsorption capacity [37] . In the allelopathy experiment, the addition of activated carbon in the bioassays alleviated the inhibitory effect of pine forest litter extract on P. armandii and P. tabuliformis, but not that of oak forest litter extract, which may be related to the amount of added activated carbon being too small to completely absorb organic substances in oak forest. Previous studies have found that the addition of activated carbon can alleviate root interactions and self-toxicity in larch [38] . When activated carbon was added to the growth medium in an experiment with canola, the density and affinity reaction disappeared, indicating that activated carbon played a neutralizing role and inactivated organic allelopathic substances released by the root system [38] . In our study, all the evidence indicated that the germination and growth patterns of P. tabuliformis and P. armandii seeds were in response to water litter extracts that contained allelochemicals.
Allelopathy of Pine and Oak Forest Litter in the Field Experiment
As the allelopathy studies mentioned in the literature have mostly been carried out under controlled conditions [17, 23] , little consideration has been given to whether allelopathic substances in their natural state exhibit allelopathic activity and exert allelopathic effects. We therefore conducted the field seeding experiment with different litter treatments, in order to verify the results of the laboratory-based biological determination. Our field experiments on litter removal showed 
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Allelopathy of Pine and Oak Forest Litter in the Field Experiment
As the allelopathy studies mentioned in the literature have mostly been carried out under controlled conditions [17, 23] , little consideration has been given to whether allelopathic substances in their natural state exhibit allelopathic activity and exert allelopathic effects. We therefore conducted the field seeding experiment with different litter treatments, in order to verify the results of the laboratory-based biological determination. Our field experiments on litter removal showed that it increased the germination rate of P. tabuliformis significantly in two stands, but had no effect on P. armandii, indicating that P. tabuliformis may be more susceptible to the influence of litter because of its thin seed coat and other characteristics. These findings could possibly be related to allelopathic substances entering the soil and becoming subject to adsorption, desorption, degradation, and other effects, and the migration and residence time of allelopathic substances in the soil being extended, even affecting the expression of allelopathic activities [39, 40] . The results of other studies confirm that the concentration of allelopathic substances under natural conditions is much lower than in laboratory experiments [41] . Of course, the results may also be related to the fact that the litter provides a suitable micro-habitat of water and temperature to offset the allelopathic effect.
Plant ash is the residue of burned plants (herbs and woody plants) that can act as a source of adsorbents and nutrients. In the field experiment, we collected litter from under the forest canopy, burned it under certain conditions to obtain plant ash, and dispersed it in the retained litter plot square, in an attempt to alleviate the allelopathic effect of litter on seeds. The results were not, however, significant. This indicated that the inhibition effect of litter on P. tabuliformis seed might be related to allelopathy and biofiltration. The physical and chemical effects of litter on seedling emergence have been studied using natural and plastic litter, concluding that the short-term effects of Chinese fir litter on seedlings are mainly physical [42] . Similarly, many previous studies have shown that the influence of litter on seed and seedling growth exerts physical hindrance as well as allelopathic effects [43] [44] [45] . Therefore, the physical and chemical characteristics of litter have an ecological filtering effect on the regeneration of understory seedlings.
Allelopathic Substances that Exert Allelopathic Effects in Pine Forests
In another study, allelochemicals were divided into water-soluble organic acids, aliphatic aldehydes, ketones, aliphatic alcohols, simple unsaturated lactone, long chain fatty acids, acetylene, quinones, phenol, benzoic acid and its derivatives, cinnamic acid and its derivatives, purine nucleoside and coumarin, flavonoids, tannins, alkaloids and cyanohydrin, amino acids and peptides, sulfide, and glucosinolate [15] . The allelochemicals studied are diverse in the context of different research purposes and objectives, but all belong to the above categories.
The bioassay of litter and soil water extract with and without activated carbon showed that activated carbon could slow the inhibitory effect of pine forest litter water extract on the two seed species, indicating that it adsorbed allelochemicals in pine forest litter. Then, the water extracts with and without activated carbon were investigated using HPLC-MS; the allelopathic substances in pine forest litter were determined to be trioctyl trimellitate, amyloid β-Peptide 10-20 and triisobutyl phosphate. A prior study had found that esters and amino acids have strong allelopathic potential [46] . In an earlier study, the allelochemicals in flue-cured tobacco root zone soil were determined by HPLC, and the results showed that tobacco regeneration failure was related to ester allelopathic substances secreted by tobacco [47] . Similarly, in another study, Codonopilate A, a triterpenyl ester, was isolated from monocultivated soil of annual Codonopsis pilosula (Franch.) Nannf. and identified as the main autotoxin [48] . An analysis using protoplast co-culture method with digital imaging indicated that canavanine was the allelochemical in Vicia villosa Roth epicotyl protoplasts in etiolated seedlings, but its effect differed according to the developmental stage of the recipient plant [49] . Therefore, it can be observed that esters and amino acids exert allelopathic effects, further confirming our experimental results.
Conclusions
Esters and amino acids were detected in pine forest (P. tabuliformis and P. armandii) litter, but the litter naturally accumulated only inhibited seed germination of P. tabuliformis at a small seed volume, and had no significant effect on seed germination of P. armandii. The litter in the pine-oak mixed forest has not only the potential to exert allelopathic effects, but it also serves as an ecological filtration barrier for the regeneration of P. tabuliformis seeds with very small individual sizes. Therefore, appropriate removal of litter under the forest canopy can improve the natural regeneration ability of P. tabuliformis. 
